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provide data to a programmable patterning device, and a
device manufacturing method. In an embodiment, the
method for converting outputs a rasterized representation of
the desired dose pattern of radiation corresponding to the
desired device pattern, wherein the vector-based represen-
tation includes primitive data identiiying one or more primi-
tive patterns; and instance data identifying how at least a
portion of the desired device pattern 1s formed from one or
more 1nstances of each identified primitive pattern, the
method 1ncluding forming a rasterized primitive of each
primitive pattern identified 1n the primitive data, and form-
ing the rasterized representation by storing each rasterized
primitive 1n association with the instance data corresponding,
to that rasterized primitive.
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APPARATUS AND METHOD FOR
CONVERTING A VECTOR-BASED
REPRESENTATION OF A DESIRED DEVICE
PATTERN FOR A LITHOGRAPHY

APPARATUS, APPARATUS AND METHOD
FOR PROVIDING DATA TO A

PROGRAMMABLE PATTERNING DEVICE, A
LITHOGRAPHY APPARATUS AND A
DEVICE MANUFACTURING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the U.S. national phase entry of PCT
patent application no. PCT/EP2012/07249°7, which was filed

on Nov. 13, 2012, which claims the benefit of priority of
U.S. provisional application No. 61/564,661, which was
filed on Nov. 29, 2011, and of U.S. provisional application
No. 61/591,647, which was filed on Jan. 27, 2012, and of
U.S. provisional application No. 61/638,843, which was
filed on Apr. 26, 2012, each of which are incorporated herein
in its entirety by reference.

FIELD

The present invention relates to a method for converting
a vector-based representation of a desired dose pattern for a
lithographic or exposure apparatus, a lithographic or expo-
sure apparatus, an apparatus and method to provide data to
a programmable patterming device, and a method for manu-
facturing a device.

BACKGROUND

A Ilithographic apparatus i1s a machine that applies a
desired pattern onto a substrate or part of a substrate. A
lithographic apparatus may be used, for example, 1n the
manufacture of integrated circuits (ICs), flat panel displays
and other devices or structures having fine features. In a
conventional lithographic apparatus, a patterning device,
which may be referred to as a mask or a reticle, may be used
to generate a circuit pattern corresponding to an individual
layer of the IC, flat panel display, or other device). This
pattern may transferred on (part of) the substrate (e.g. silicon
waler or a glass plate), e.g. via 1imaging onto a layer of
radiation-sensitive material (resist) provided on the sub-
strate.

Instead of a circuit pattern, the patterming device may be
used to generate other patterns, for example a color filter
pattern, or a matrix of dots. Instead of a conventional mask,
the patterning device may comprise a patterning array that
comprises an array of individually controllable elements that
generate the circuit or other applicable pattern. An advantage
of such a “maskless” system compared to a conventional
mask-based system 1s that the pattern can be provided and/or
changed more quickly and for less cost.

Thus, a maskless system includes a programmable pat-
terming device (e.g., a spatial light modulator, a contrast
device, etc.). The programmable patterning device 1s pro-
grammed (e.g., electronically or optically) to form the
desired patterned beam using the array of individually
controllable elements. Types of programmable patterning
devices include micro-mirror arrays, liquid crystal display
(LCD) arrays, grating light valve arrays, arrays of seli-
emissive contrast devices, a shutter element matrix, and the
like. A programmable patterning device could also be
formed from an electro-optical deflector, configured for
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example to move spots ol radiation projected onto the
substrate or to intermittently direct a radiation beam away

from the substrate, for example to a radiation beam absorber.
In either such arrangement, the radiation beam may be
continuous.

SUMMARY

A desired device pattern to be formed on a substrate may
be defined using a vector design package, such as GDSII.
The output file from such a design package may be referred
to as a vector-based representation of the desired device
pattern. In a maskless system, the vector-based representa-
tion will be processed to provide a control signal to drive a
programmable patterning device. The control signal may
comprise a sequence of setpoints (e.g. voltages or currents)
to be applied to a plurality of, for example, self-emissive
confrast devices.

The processing to convert the vector-based representation
to the control signal may comprise one or more steps of
converting the vector-based representation to a rasterized
representation of the dose pattern. The processing may
comprise one or more steps ol correcting for alignment
variations of the substrate and/or of previously formed
patterns on the substrate, relative to the patterning device.
The processing may comprise one or more steps of convert-
ing the rasterized representation to a sequence ol setpoint
values. The processing may involve complex calculations
and/or large data volumes. For steps in the processing that
are carried out 1n real time (e.g. at the same time as the
pattern 1s being formed on or in the substrate), the calcula-
tions should be completed quickly. This tends to increase the
cost of the processing hardware and/or reduce the through-
put of the lithographic or exposure apparatus.

The desired device pattern may have a large degree of
repetition. Such repetition may be exploited by the vector-
based representation, using hierarchy for example, to keep
the size of the vector-based representation relatively small.
However, the rasterized representation will tend to be much
larger. Handling the rasterized representation efliciently 1s
therefore expensive and/or rate limiting. Data processing to
remove the hierarchy can also be expensive and/or rate
limited because the hierarchy makes it difficult to store
portions of the representation 1n the order in which they will
be used during the exposure process.

The nature of the desired device pattern may vary sig-
nificantly from one pattern to the next pattern and/or within
the pattern 1tself. For example, a certain region may corre-
spond to a device feature requiring a relatively low resolu-
tion dose pattern and another region may correspond to a
device feature requiring a higher resolution dose pattern. It
1s difficult to configure the rasterization process to work
optimally for all patterns and for all regions within patterns.
Computational resources to obtain the rasterized represen-
tation and/or to store or process the rasterized representation,
for example 1n an online part of the data-path, may therefore
not be used optimally, resulting in possible lower output
quality, lower throughput and/or increased cost.

It 1s desirable, for example, to provide a method and/or
apparatus that increases the efliciency with which the data-
path processing 1s carried out.

According to an embodiment of the invention, there is
provided a method for converting a vector-based represen-
tation of a desired device pattern to be formed on a substrate
using an exposure apparatus to a rasterized representation of
the desired dose pattern of radiation corresponding to the
desired device pattern, wherein the vector-based represen-
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tation comprises primitive data identifying one or more
primitive patterns and instance data identifying how at least
a portion of the desired device pattern 1s formed from one or
more instances ol each identified primitive pattern, the
method comprising: forming a rasterized primitive of each
primitive pattern i1dentified in the primitive data; and form-
ing the rasterized representation by storing each rasterized
primitive 1n association with the instance data corresponding,
to that rasterized primitive.

According to an embodiment of the invention, there 1s
provided an exposure apparatus, comprising: a projection
system, configured to project a plurality of beams onto a
substrate; and a data processing system configured to con-
vert a rasterized representation of a desired dose pattern to
a sequence of setpoint data to control the plurality of beams,
wherein the rasterized representation 1s formed by convert-
ing a vector-based representation of a desired device pattern
to be formed on the substrate to a rasterized representation
of the desired dose pattern of radiation corresponding to the
desired device pattern, the vector-based representation com-
prising primitive data identilying one or more primitive
patterns and instance data identitying how the desired device
pattern 1s formed from 1nstances of each identified primitive
pattern, and wherein the conversion comprises forming a
rasterized primitive of each primitive pattern identified in
the primitive data; and forming the rasterized representation
by storing each rasterized primitive in association with the
instance data corresponding to that rasterized primitive.

According to an embodiment of the invention, there 1s
provided an exposure apparatus, comprising: a projection
system, configured to project a plurality of beams onto a
substrate; and a data processing system configured to con-
vert a rasterized representation of a desired dose pattern to
a sequence of setpoint data to control the plurality of beams,
the data processing system comprising a plurality of pro-
cessing units, each processing unit configured to convert a
different portion of the rasterized representation, each dii-
ferent portion corresponding to a different strip of a sub-
strate, each different strip aligned parallel to a scanning
direction of the substrate relative to the projection system.

According to an embodiment of the invention, there 1s
provided a device manufacturing method comprising: con-
verting a vector-based representation of a desired device
pattern to be formed on a substrate using an exposure
apparatus to a rasterized representation of the desired dose
pattern ol radiation corresponding to the desired device
pattern, wherein the vector-based representation comprises
primitive data identilying one or more primitive patterns and
instance data identifying how the desired device pattern is
formed from 1nstances of each identified primitive pattern,
and wherein the converting the vector-based representation
comprises forming a rasterized primitive of each primitive
pattern identified 1in the primitive data, and forming the
rasterized representation by storing each rasterized primitive
in association with the mstance data corresponding to that
rasterized primitive; converting the rasterized representation
to a sequence of setpoint data for the apparatus; and using
the apparatus to project a dose pattern onto a target using the
setpoint data.

According to an embodiment of the invention, there 1s
provided an apparatus to provide data to a programmable
patterning device of an exposure apparatus, comprising: a
butler memory configured to receive a plurality of data units,
cach data unit representing the pattern to be formed in a
different portion of a desired dose pattern, wherein the bufler
memory 1s configured to output the data units as needed to
provide a control signal to the programmable patterning
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device during exposure of a substrate by the exposure
apparatus; and a flow controller configured to control the
transfer of the data units to and/or from the builer memory
such that each data umit 1s stored in the bufler memory for
a time period shorter than the time necessary to expose the
complete desired dose pattern.

According to an embodiment, there 1s provided a method
of providing data to a programmable patterning device of an
exposure apparatus, the method comprising: i a buller
memory, recerving a plurality of data units, each data unit
representing the pattern to be formed 1n a different portion
of a desired dose pattern; outputting the data units from the
bufler memory as needed to provide a control signal to the
programmable patterming device during exposure of a sub-
strate by the exposure apparatus; and controlling the transfer
of the data units to and/or from the bufler memory such that
cach data umt i1s stored in the bufler memory for a time
period shorter than the time necessary to expose the com-
plete desired dose pattern.

According to an embodiment, there 1s provided a method
of converting a vector-based representation of a desired
device pattern to be formed on a substrate using an exposure
apparatus to a rasterized or sampled representation of the
desired dose pattern of radiation corresponding to the
desired device pattern, wherein: a dose pattern correspond-
ing to a region of the desired device pattern 1s formed using
a rasterized or sampled representation of the region, the
rasterized or sampled representation of the region defined
relative to a rasterization or sampling grid defining the
points or locations at which the rasterized or sampled
representation defines dose values in the region, the method
comprising: analyzing 1) the region of the desired device
pattern to obtain a measure of a computational requirement
to obtain, to store or to process the rasterized or sampled
representation of the region, or 2) a simulated or actual dose
pattern produced by the exposure apparatus using the ras-
terized or sampled representation of the region to obtain a
measure of 1image quality; moditying the rasterization or
sampling grid 1n response to the results of the analyzing; and
using the modified rasterization or sampling grid to convert
the vector-based representation of the desired dose pattern.

According to an embodiment, there 1s provided an appa-
ratus to convert a vector-based representation of a desired
device pattern to be formed on a substrate using an exposure
apparatus to a rasterized or sampled representation of the
desired dose pattern of radiation corresponding to the
desired device pattern, wherein: a dose pattern correspond-
ing to a region of the desired device pattern 1s formed using
a rasterized or sampled representation of the region, the
rasterized or sampled representation of the region defined
relative to a rasterization or sampling grid defining the
points or locations at which the rasterized or sampled
representation defines dose values in the region, the appa-
ratus comprising a data processing device configured to:
analyze 1) the region of the desired device pattern to obtain
a measure of a computational requirement to obtain, to store
or to process the rasterized or sampled representation of the
region, or 2) a simulated or actual dose pattern produced by
the exposure apparatus using the rasterized or sampled
representation of the region to obtain a measure of 1mage
quality; modily the rasterization or sampling grid 1n
response to the results of the analyzing; and use the modified
rasterization or sampling grid to convert the vector-based

representation.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by
way ol example only, with reference to the accompanying
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schematic drawings in which corresponding reference sym-
bols indicate corresponding parts, and in which:

FIG. 1 depicts a part of a lithographic or exposure
apparatus according to an embodiment of the mnvention;

FI1G. 2 depicts a top view of a part of the lithographic or
exposure apparatus of FIG. 1 according to an embodiment of
the invention;

FIG. 3 depicts a highly schematic, perspective view of a
part of a lithographic or exposure apparatus according to an
embodiment of the invention;

FIG. 4 depicts a schematic top view of projections by the
lithographic or exposure apparatus according to FIG. 3 onto
a substrate according to an embodiment of the invention;

FIG. 5 depicts 1n cross-section, a part of an embodiment
of the invention;

FIG. 6 depicts a portion of a data-path to convert a
vector-based representation of a desired device pattern to a
control signal;

FIG. 7 depicts a portion of a spot exposure grid;

FIG. 8 depicts a portion of a rasterization grid;

FIG. 9 depicts an example device layout;

FIG. 10 1s a magnified view of a region of the layout
shown 1n FIG. 9;

FIG. 11 depicts two example primitive patterns;

FIG. 12 depicts a portion of a device pattern comprising,
mstances of the primitives of FIG. 11;

FIG. 13 depicts two rasterized primitives corresponding
to the primitives depicted 1 FIG. 11;

FIG. 14 depicts a portion of a rasterized representation
comprising instances of the rasterized primitives shown 1n
FIG. 13;

FIG. 15 depicts an example hardware configuration to
implement a portion of the data-path;

FIG. 16 depicts a resource umt, a buller memory and a
flow controller configured to control transter of data units to
and/or from the bufler memory;

FIG. 17 depicts an apparatus to convert a vector-based
representation to a rasterized or sampled representation; and

FIG. 18 depicts an example process to obtain an opti-
mized rasterization or sampling grid.

DETAILED DESCRIPTION

An embodiment of the present invention relates to an
apparatus that may include a programmable patterning
device that may, for example, be comprised of an array or
arrays ol self-emissive contrast devices. Further information

regarding such an apparatus may be found in PCT patent
application publication no. WO 2010/032224 A2, U.S. pat-

ent application publication no. US 2011-0188016, U.S.
patent application No. 61/473,636 and U.S. patent applica-
tion No. 61/524,190 which are hereby incorporated by
reference in their entireties. An embodiment of the present
invention, however, may be used with any form of program-
mable patterning device including, for example, those dis-
cussed above.

FIG. 1 schematically depicts a schematic cross-sectional
side view of a part of a lithographic or exposure apparatus.
In this embodiment, the apparatus has individually control-
lable elements substantially stationary in the X-Y plane as
discussed further below although 1t need not be the case. The
apparatus 1 comprises a substrate table 2 to hold a substrate,
and a positioning device 3 to move the substrate table 2 1n
up to 6 degrees of freedom. The substrate may be a resist-
coated substrate. In an embodiment, the substrate 1s a wafer.
In an embodiment, the substrate 1s a polygonal (e.g. rectan-
gular) substrate. In an embodiment, the substrate 1s a glass
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6

plate. In an embodiment, the substrate 1s a plastic substrate.
In an embodiment, the substrate 1s a foil. In an embodiment,
the apparatus 1s suitable for roll-to-roll manufacturing.

The apparatus 1 further comprises a plurality of individu-
ally controllable self-emissive contrast devices 4 configured
to emit a plurality of beams. In an embodiment, the seli-
emissive contrast device 4 1s a radiation emitting diode, such
as a light emitting diode (LED), an organic LED (OLED), a
polymer LED (PLED), or a laser diode (e.g., a solid state
laser diode). In an embodiment, each of the individually
controllable elements 4 1s a blue-violet laser diode (e.g.,
Sanyo model no. DL-3146-151). Such diodes may be sup-
plied by companies such as Sanyo, Nichia, Osram, and
Nitride. In an embodiment, the diode emits UV radiation,
¢.g., having a wavelength of about 365 nm or about 405 nm.
In an embodiment, the diode can provide an output power
selected from the range of 0.5-200 mW. In an embodiment,
the size of laser diode (naked die) 1s selected from the range
of 100-800 micrometers. In an embodiment, the laser diode
has an emission area selected from the range of 0.5-5
micrometers®. In an embodiment, the laser diode has a
divergence angle selected from the range of 5-44 degrees. In
an embodiment, the diodes have a configuration (e.g., emis-
s10n area, divergence angle, output power, etc.) to provide a
total brightness more than or equal to about 6.4x10°
W/(m?.sr).

The self-emissive contrast devices 4 are arranged on a
frame 5 and may extend along the Y-direction and/or the X
direction. While one frame 3§ 1s shown, the apparatus may
have a plurality of frames 35 as shown in FIG. 2. Further
arranged on the frame 5 1s lens 12. Frame 35 and thus
seli-emissive contrast device 4 and lens 12 are substantially
stationary 1n the X-Y plane. Frame 5, self-emissive contrast
device 4 and lens 12 may be moved 1n the Z-direction by
actuator 7. Alternatively or additionally, lens 12 may be
moved 1n the Z-direction by an actuator related to this
particular lens. Optionally, each lens 12 may be provided
with an actuator.

The self-emissive contrast device 4 may be configured to
emit a beam and the projection system 12, 14 and 18 may be
configured to project the beam onto a target portion of the
substrate. The self-emissive contrast device 4 and the pro-
jection system form an optical column. The apparatus 1 may
comprise an actuator (e.g. motor) 11 to move the optical
column or a part thereol with respect to the substrate. Frame
8 with arranged thereon field lens 14 and imaging lens 18
may be rotatable with the actuator. A combination of field
lens 14 and imaging lens 18 forms movable optics 9. In use,
the frame 8 rotates about its own axis 10, for example, in the
directions shown by the arrows 1n FIG. 2. The frame 8 is
rotated about the axis 10 using an actuator (e.g. motor) 11.
Further, the frame 8 may be moved 1n a Z direction by motor
7 so that the movable optics 9 may be displaced relative to
the substrate table 2.

An aperture structure 13 having an aperture therein may
be located above lens 12 between the lens 12 and the
self-emissive contrast device 4. The aperture structure 13
can limit diffraction effects of the lens 12, the associated
self-emissive contrast device 4, and/or of an adjacent lens
12/self-emissive contrast device 4.

The depicted apparatus may be used by rotating the frame
8 and simultaneously moving the substrate on the substrate
table 2 underneath the optical column. The self-emissive
contrast device 4 can emit a beam through the lenses 12, 14,
and 18 when the lenses are substantially aligned with each
other. By moving the lenses 14 and 18, the image of the
beam on the substrate 1s scanned over a portion of the
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substrate. By simultaneously moving the substrate on the
substrate table 2 underneath the optical column, the portion
of the substrate which i1s subjected to an i1mage of the
self-emissive contrast device 4 1s also moving. By switching
the self-emissive contrast device 4 “on” and “ofl” (e.g.,
having no output or output below a threshold when 1t 1s “off™
and having an output above a threshold when 1t 1s “on™) at
high speed under control of a controller, controlling the
rotation of the optical column or part thereot, controlling the
intensity of the self-emissive contrast device 4, and control-
ling the speed of the substrate, a desired pattern can be
imaged 1n the resist layer on the substrate.

FIG. 2 depicts a schematic top view of the apparatus of
FIG. 1 having self-emissive contrast devices 4. Like the
apparatus 1 shown 1n FIG. 1, the apparatus 1 comprises a
substrate table 2 to hold a substrate 17, a positioning device
3 to move the substrate table 2 1n up to 6 degrees of freedom,
an alignment/level sensor 19 to determine alignment
between the self-emissive contrast device 4 and the substrate
17, and to determine whether the substrate 17 1s at level with
respect to the projection of the self-emissive contrast device
4. As depicted the substrate 17 has a rectangular shape,
however also or alternatively round substrates may be
processed.

The self-emissive contrast device 4 1s arranged on a frame
15. The self-emissive contrast device 4 may be a radiation
emitting diode, e.g., a laser diode, for 1nstance a blue-violet
laser diode. As shown 1n FIG. 2, the self-emissive contrast
devices 4 may be arranged 1nto an array 21 extending in the
X-Y plane.

The array 21 may be an elongate line. In an embodiment,
the array 21 may be a single dimensional array of seli-
emissive contrast devices 4. In an embodiment, the array 21
may be a two dimensional array of self-emissive contrast
device 4.

A rotating frame 8 may be provided which may be
rotating 1n a direction depicted by the arrow. The rotating,
frame may be provided with lenses 14, 18 (show in FIG. 1)
to provide an 1mage of each of the self-emissive contrast
devices 4. The apparatus may be provided with an actuator
to rotate the optical column comprising the frame 8 and the
lenses 14, 18 with respect to the substrate.

FIG. 3 depicts a highly schematic, perspective view of the
rotating frame 8 provided with lenses 14, 18 at 1ts perimeter.
A plurality of beams, 1n this example 10 beams, are incident
onto one of the lenses and projected onto a target portion of
the substrate 17 held by the substrate table 2. In an embodi-
ment, the plurality of beams are arranged 1n a straight line.
The rotatable frame 1s rotatable about axis 10 by means of
an actuator (not shown). As a result of the rotation of the
rotatable frame 8, the beams will be incident on successive
lenses 14, 18 (field lens 14 and imaging lens 18) and will,
incident on each successive lens, be deflected thereby so as
to travel along a part of the surface of the substrate 17, as
will be explained 1n more detail with reference to FIG. 4. In
an embodiment, each beam 1s generated by a respective
source, 1.€. a self-emissive contrast device, e.g. a laser diode
(not shown 1n FIG. 3). In the arrangement depicted in FIG.
3, the beams are deflected and brought together by a
segmented mirror 30 1n order to reduce a distance between
the beams, to thereby enable a larger number of beams to be
projected through the same lens and to achieve resolution
requirements to be discussed below.

As the rotatable frame rotates, the beams are incident on
successive lenses and, each time a lens 1s 1rradiated by the
beams, the places where the beam 1s incident on a surface of
the lens, moves. Since the beams are projected on the
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substrate differently (with e.g. a different detlection) depend-
ing on the place of incidence of the beams on the lens, the
beams (when reaching the substrate) will make a scanming
movement with each passage of a following lens. This
principle 1s Turther explained with reference to FIG. 4. FIG.
4 depicts a highly schematic top view of a part of the
rotatable frame 8. A first set of beams 1s denoted by Bl, a
second set of beams 1s denoted by B2 and a third set of
beams 1s denoted by B3. Each set of beams 1s projected
through a respective lens set 14, 18 of the rotatable frame 8.
As the rotatable frame 8 rotates, the beams B1 are projected
onto the substrate 17 1n a scanning movement, thereby
scanning area Al4. Similarly, beams B2 scan area A24 and
beams B3 scan area A34. At the same time of the rotation of
the rotatable frame 8 by a corresponding actuator, the
substrate 17 and substrate table are moved 1n the direction D,
which may be along the X axis as depicted in FIG. 2),
thereby being substantially perpendicular to the scanming
direction of the beams 1n the area’s Al4, A24, A34. As a
result of the movement 1n direction D by a second actuator
(e.g. a movement of the substrate table by a corresponding
substrate table motor), successive scans of the beams when
being projected by successive lenses of the rotatable frame
8, are projected so as to substantially abut each other,
resulting in substantially abutting areas A11, A12, A13, Al4
(areas All, Al2, Al3 being previously scanned and Al4

being currently scanned as shown in FIG. 4) for each
successive scan of beams B1, areas A21, A22, A23 and A24

(areas A21, A22, A23 being previously scanned and A24
being currently scanned as shown 1n FIG. 4) for beams B2
and areas A31, A32, A33 and A34 (areas A31, A32, A33
being previously scanned and A34 being currently scanned
as shown 1n FI1G. 4) for beams B3. Thereby, the areas A1, A2
and A3 of the substrate surface may be covered with a
movement of the substrate in the direction D while rotating
the rotatable frame 8. The projecting of multiple beams
through a same lens allows processing of a whole substrate
in a shorter timeframe (at a same rotating speed of the
rotatable frame 8), since for each passing of a lens, a
plurality of beams scan the substrate with each lens, thereby
allowing increased displacement in the direction D {for
successive scans. Viewed differently, for a given processing,
time, the rotating speed of the rotatable frame may be
reduced when multiple beams are projected onto the sub-
strate via a same lens, thereby possibly reducing eflects such
as deformation of the rotatable frame, wear, vibrations,
turbulence, etc. due to high rotating speed. In an embodi-
ment, the plurality of beams are arranged at an angle to the
tangent of the rotation of the lenses 14, 18 as shown 1n FIG.
4. In an embodiment, the plurality of beams are arranged
such that each beam overlaps or abuts a scanming path of an
adjacent beam.

A further effect of the aspect that multiple beams are
projected at a time by the same lens, may be found in
relaxation of tolerances. Due to tolerances of the lenses
(positioning, optical projection, etc), positions of successive

arcas All, Al2, A13, Al4 (and/or of arecas A21, A22, A23
and A24 and/or of areas A31, A32, A33 and A34) may show
some degree ol positioning inaccuracy in respect of each
other. Therefore, some degree of overlap between successive
areas All, Al2, A13, Al4 may be required. In case of for
example 10% of one beam as overlap, a processing speed
would thereby be reduced by a same factor of 10% 1n case
of a single beam at a time through a same lens. In a situation
where there are 5 or more beams projected through a same
lens at a time, the same overlap of 10% (similarly referring
to one beam example above) would be provided for every 5
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or more projected lines, hence reducing a total overlap by a
factor of approximately 5 or more to 2% or less, thereby
having a significantly lower eflect on overall processing
speed. Similarly, projecting at least 10 beams may reduce a
total overlap by approximately a factor of 10. Thus, eflects 5
of tolerances on processing time of a substrate may be
reduced by the feature that multiple beams are projected at

a time by the same lens. In addition or alternatively, more
overlap (hence a larger tolerance band) may be allowed, as
the eflects thereol on processing are low given that multiple 10
beams are projected at a time by the same lens.

Alternatively or 1n addition to projecting multiple beams
via a same lens at a time, interlacing techniques could be
used, which however may require a comparably more strin-
gent matching between the lenses. Thus, the at least two 15
beams projected onto the substrate at a time via the same one
of the lenses have a mutual spacing, and the apparatus may
be arranged to operate the second actuator so as to move the
substrate with respect to the optical column to have a
following projection of the beam to be projected 1n the 20
spacing.

In order to reduce a distance between successive beams in
a group 1n the direction D (thereby e.g. achieving a higher
resolution 1n the direction D), the beams may be arranged
diagonally 1n respect of each other, 1n respect of the direction 25
D. The spacing may be further reduced by providing a
segmented mirror 30 1n the optical path, each segment to
reflect a respective one of the beams, the segments being
arranged so as to reduce a spacing between the beams as
reflected by the mirrors in respect of a spacing between the 30
beams as incident on the mirrors. Such eflect may also be
achieved by a plurality of optical fibers, each of the beams
being incident on a respective one of the fibers, the fibers
being arranged so as to reduce along an optical path a
spacing between the beams downstream of the optical fibers 35
in respect of a spacing between the beams upstream of the
optical fibers.

Further, such eflect may be achieved using an integrated
optical waveguide circuit having a plurality of inputs, each
for receiving a respective one of the beams. The integrated 40
optical waveguide circuit 1s arranged so as to reduce along
an optical path a spacing between the beams downstream of
the integrated optical waveguide circuit in respect of a
spacing between the beams upstream of the integrated
optical waveguide circuit. 45

A system may be provided for controlling the focus of an
image projected onto a substrate. The arrangement may be
provided to adjust the focus of the image projected by part
or all of an optical column in an arrangement as discussed
above. 50

In an embodiment the projection system projects the at
least one radiation beam onto a substrate formed from a
layer of material above the substrate 17 on which a device
1s to be formed so as to cause local deposition of droplets of
the matenal (e.g. metal) by a laser induced material transfer. 55

Referring to FIG. 5, the physical mechanism of laser
induced material transier 1s depicted. In an embodiment, a
radiation beam 200 1s focused through a substantially trans-
parent material 202 (e.g., glass) at an intensity below the
plasma breakdown of the material 202. Surface heat absorp- 60
tion occurs on a substrate formed from a donor material
layer 204 (e.g., a metal film) overlying the material 202. The
heat absorption causes melting of the donor material 204.
Further, the heating causes an induced pressure gradient 1n
a forward direction leading to forward acceleration of a 65
donor material droplet 206 from the donor material layer
204 and thus from the donor structure (e.g., plate) 208. Thus,

10

the donor matenial droplet 206 1s released from the donor
maternal layer 204 and 1s moved (with or without the aid of
gravity) toward and onto the substrate 17 on which a device
1s to be formed. By pointing the beam 200 on the appropnate
position on the donor plate 208, a donor material pattern can
be deposited on the substrate 17. In an embodiment, the
beam 1s focused on the donor material layer 204.

In an embodiment, one or more short pulses are used to
cause the transfer of the donor material. In an embodiment,
the pulses may be a few picoseconds or femto-seconds long
to obtain quasi one dimensional forward heat and mass
transier ol molten material. Such short pulses facilitate little
to no lateral heat flow 1n the material layer 204 and thus little
or no thermal load on the donor structure 208. The short
pulses enable rapid melting and forward acceleration of the
matenal (e.g., vaporized material, such as metal, would lose
its forward directionality leading to a splattering deposition).
The short pulses enable heating of the material to just above
the heating temperature but below the vaporization tempera-
ture. For example, for aluminum, a temperature of about 900
to 1000 degrees Celsius 1s desirable.

In an embodiment, through the use of a laser pulse, an
amount of material (e.g., metal) 1s transferred from the donor
structure 208 to the substrate 17 1n the form of 100-1000 nm
droplets. In an embodiment, the donor material comprises or
consists essentially of a metal. In an embodiment, the metal
1s aluminum. In an embodiment, the matenal layer 204 1s 1n
the form a film. In an embodiment, the film 1s attached to
another body or layer. As discussed above, the body or layer
may be a glass.

Hardware and/or software constituting a data processing
system 100, which may also be referred to as a “data-path”,
may be provided to convert a vector-based representation of
a desired device pattern to be formed on a substrate to a
control signal suitable for driving a programmable pattern-
ing device 1n such a way that a dose pattern of radiation that
1s suitable for forming the desired device pattern 1s applied
to a target (e.g., the substrate). FIG. 6 1s a schematic
illustration showing example processing stages 100 that may
be mcluded 1n such a data-path. In an embodiment each of
the stages 1s connected directly to its neighboring stages.
However, this need not be the case. In an embodiment one
or more additional processing stages may be provided 1n
between any of the stages shown. Additionally or alterna-
tively, each of one or more of the stages may comprise
multiple stages. One or more of the stages may be combined.
In an embodiment, the stages are implemented using a single
physical processing unit (e.g. a computer or hardware that
can carry out computing operations) or diflerent processing
units.

In the example shown 1n FIG. 6 a vector-based represen-
tation of a desired device pattern 1s provided 1n storage stage
102. In an embodiment, the vector-based representation 1s
constructed using a vector design package, such as GDSII.
The vector-based representation 1s forwarded to a rasteriza-
tion stage 104, either directly or via one or more interme-
diate stages, from the storage stage 102. Examples of
intermediate stages include a vector pre-processing stage
and a low-pass filter stage. In an embodiment, the low-pass
filter stage performs anti-aliasing processing for example.

The rasterization stage 104 converts the vector-based
representation (or a processed version of the vector-based
representation) of the desired device pattern to a rasterized
representation of a desired dose pattern that corresponds to
the desired device pattern (1.e. 1s suitable for forming the
desired device pattern by post-exposure processing of the
substrate). In an embodiment, the rasterized representation
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comprises bitmap data. The bitmap data may be referred to
as “pixelmap” data. In an embodiment, the bitmap data
comprises a set of values indicating the desired dose at each
point on a grid of points. The grid of points may be referred
to as a rasterization grid.

In an embodiment, the rasterized representation (as output
from the rasterization stage 104 directly or after further
processing) 1s supplied to a control signal generation stage
106. The control signal generation stage 106 may be imple-
mented as a single stage (as shown) or as a plurality of
separate stages.

In an embodiment, the control signal generation stage 106
performs a mapping operation between the rasterization grid
and the grid (which may be referred to as the “spot exposure
or1d”) defining the locations at which the patterming device
can form spot exposures at the target (e.g., substrate) level.
Each spot exposure comprises a dose distribution. The dose
distribution specifies how the energy per unmit area applied by
the spot to the substrate (i1.e. dose per unit area) varies as a
function of position within the spot. The dose distribution
may be referred to as a “point spread function”. In an
embodiment, the position of the spot exposure 1s defined by
reference to a characteristic point in the dose distribution. In
an embodiment, the characteristic point 1s the position of
maximum dose per unit area. In an embodiment, the position
of maximum dose per unit area 1s 1n a central region of the
spot. In other embodiments, the position of maximum dose
per unit area 1s not 1 a central region of the spot. In an
embodiment, the dose distribution 1s circularly symmetric.
In such an embodiment, the spot may be referred to as a
circular spot. In such an embodiment, the position of maxi-
mum dose per unit area may be located at the center of the
circle. In other embodiments, the dose distribution 1s not
circular. In an embodiment, the characteristic point 1n the
dose distribution 1s the “center of mass” of the dose distri-
bution (defined by direct analogy with the center of mass of
a flat object having variable density, in which the dose per
unit area of the spot exposure 1s the equivalent of the mass
per unit area of the flat object). The “center of mass” of the
dose distribution therefore represents the average location of
the dose. In an embodiment, each grid point 1n the spot
exposure grid represents the position of a different one of the
spot exposures (e.g. the position of the characteristic point)
that the patterning device (and/or projection system) can
apply to the substrate.

In an embodiment, the lithography or exposure apparatus
1s configured to produce spot exposures that consist of
discrete “spots” (e.g. circular spots). In an example of such
an embodiment, the intensity of a given radiation beam at
the level of the target reaches zero at times in between the
exposure ol different spots by that radiation beam. In an
embodiment, the lithography or exposure apparatus 1s con-
figured to produce spot exposures 1n continuous lines. The
continuous lines may be considered as a sequence of spot
exposures 1n which the intensity of a given radiation beam
at the level of the substrate does not reach zero 1n between
exposure of different spots 1n the sequence by that radiation
beam. An example embodiment of this type 1s described
above with reference to FIG. 4.

In an embodiment, each spot exposure corresponds to a
region of radiation dose on the target that originates from a
single self-emissive contrast device during a single period of
that contrast device being driven at a constant power, for
example. In an embodiment, the mapping operation com-
prises interpolation between the rasterization grid and the
spot exposure grid. In an embodiment, the mapping opera-
tion 1s configured to receive metrology data from a metrol-
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ogy data storage stage 108. In an embodiment, the metrol-
ogy data specifies, for example, the position and/or
orientation of the mounted substrate, and/or of a previously
formed device pattern on the mounted substrate, relative to
the patterning device. In an embodiment, the metrology data
also specifies measured distortions of a mounted substrate or
previously formed device pattern. In an embodiment, the
distortions include one or more of the following: shiit,
rotation, skew and/or magnification, for example. The
metrology data therefore provides information about how
the interpolation between the rasterization grid and the spot
exposure grid should be carried out 1n order to ensure proper
positioning of the desired dose pattern on the target.

The control signal generation stage 106 may calculate a

set of “intensities”, “energies” and/or “doses” to be applied

at each position 1n the spot exposure grid to form the desired
dose pattern. In the present application where reference 1s
made to “intensities”, 1t 1s understood to encompass nten-
sities, energies and/or doses. In an embodiment, the set of
intensities define, for each position in the grid, the power of
the radiation beam that 1s to be used to generate the spot that
1s centered at that position, for example. In an embodiment,
the power of the radiation beam 1s determined by the size of
the voltage or current that i1s applied to the self-emissive
contrast device that 1s to generate the radiation beam, for
example. This calculation may account for the properties of
the optical projection system and may therefore be referred
to as an “inverse-optics” calculation. In an embodiment, the
calculation accounts for the sizes and/or shapes of individual
spots. In an embodiment, the sizes and/or shapes of 1ndi-
vidual spots are at least partially dictated by one or more
properties of the optical projection system. In an embodi-
ment, the s1ze and/or shape 1s defined for each of a given set
ol possible applied intensities for the spot. In an embodi-
ment, the spot size and/or shape defines the variation with
position of the applied dose for a given spot, for example. In
an embodiment, the calculation also takes into account
deviations 1n the positions of the spots from nominal posi-
tions defined by the 1deal (1.e. engineering-error iree) spot
exposure grid geometry.

In an embodiment, the programmable patterning device 1s
configured to produce a plurality of radiation beams having
individually controllable exposure times. Each exposure
time corresponds to the period of time for which the radia-
tion corresponding to a given spot exposure 1s applied. In an
example of such an embodiment, the control signal genera-
tion stage 106 calculates a set of target exposure times. In an
embodiment, the exposure times are controlled using a
shutter element or matrix of shutter elements positioned
between a radiation source(s) (e.g. one or more self-emissive
contrast elements) and the target. In an example of such an
embodiment, the radiation source(s) may be configured to
remain “on” between exposures of different spots. The
exposure times are determined by the length of time for
which the relevant part of the shutter element or matrix of
shutter elements 1s “open”. Alternatively or additionally, the
exposure times are controlled by controlling a driving dura-
tion of the radiation source(s) (e.g. one or more seli-
emissive contrast elements).

In an embodiment, the programmable patterning device 1s
configured to produce a plurality of radiation beams having
individually controllable intensities and individually con-
trollable exposures times. In an example of such an embodi-
ment, the control signal generation stage 106 calculates
combinations of target intensity values and target exposure
times that are suitable to achieve a desired dose pattern.
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In an embodiment the spots overlap with each other at
target (e.g., substrate) level so that the final dose achieved at
a reference position 1n the spot exposure grid depends on the
applied intensities at a number of neighboring spots. This
ellect can be described (handled/modeled) mathematically
by a convolution (or deconvolution) operation. In an
embodiment the control signal generation stage 106 per-
forms the reverse process to determine the intensities to be
applied at each position for a given desired dose pattern.
Therefore, in such an embodiment the control signal gen-
eration stage 106 performs a deconvolution (or convolution)
operation. This operation 1s referred to below as a (de-)
convolution operation. In an embodiment the (de-) convo-
lution operation 1s defined by a (de-)convolution kernel. In
an embodiment the (de-)convolution kernel 1s represented
by a (de-)convolution matrix. In an embodiment the coel-
ficients of such a (de-)convolution matrix are interpreted as
weights that define the extent to which the dose at points in
the region of a reference point in the desired dose pattern
need to be taken into account when calculating the intensity
to be applied at the corresponding point (or spot) 1n the spot
exposure grid.

FIGS. 7 and 8 illustrate highly schematically a step in
such a (de-)convolution operation.

FIG. 7 1llustrates a portion of a highly schematic example
spot exposure grid 120. Each point 125 in the grid 120
represents the center of a spot that will be formed by the
patterning device on the target. The (de-)convolution opera-
tion aims to determine the intensity value to apply at each of
the points 125. The spot exposure grid 120 will have a
geometry that corresponds to the pattern of spot exposures
that the patterning device 1s able to form on the target. In an
embodiment, the geometry of the spot exposure grid 1is
therefore wrregular. In an 1rregular grid, within the meaning,
of the present application, the density of grid points varies
as a function of position so that 1t 1s not possible to construct
the grid completely by tessellating a single unit cell that
contains a single grid point only. The geometry of the gnd
120 that 1s i1llustrated 1n FIG. 7 1s highly schematic and does
not necessarily resemble a spot exposure grid associated
with a commercial device.

FIG. 8 illustrates an example portion of a highly sche-
matic example rasterization grid 122. In this example the
rasterization grid 122 has a regular geometry. In this
example the regular geometry 1s rectangular. The density of
orid points of a regular grid, within the meaning of the
present application, 1s “uniform™ in the sense that the grid
can be completely formed by tessellating a single type of
unit cell that comprises a single grid point only. Dotted line
121 illustrates an example unit cell. The dotted line inter-
sects a quarter of four grid points and therefore contains one
orid point 1n total. In an embodiment a sample of the desired

dose pattern may be provided at each of the points 126 in the

orid 122.

The solid gnd point 123 1n FIG. 7 represents a reference
orid point (chosen at random). Application of the (de-)
convolution operation for deriving the intensity to be applied
at the solid grid point 123 will involve weighted contribu-
tions of the samples of the desired dose pattern at a plurality
of grid points 1n the spot exposure grid in the region of the
spot exposure grid corresponding to the position of the
reference grid point 123. The solid grid points 127 in FIG.
8 represent schematically the grid points that are involved
with such a (de-)convolution operation. In an embodiment,
a (de-) convolution kernel expressed as a matrix will define
which grid points 126 are involved (by the positions of the
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non-zero coeflicients 1n the matrix) and the extent to which
the grid points are involved (by the values of the non-zero
coellicients 1n the matrix).

In an embodiment, the nature of the (de-)convolution
operation 1s different for different points (or even 1n between
different points) 1n the spot exposure grid. In an embodi-
ment, such variation takes into account variations in the
optical performance of the patterning device for example. In
an embodiment the variations 1n optical performance are
obtained using calibration measurements. In an embodiment
a library of (de-)convolution kernels, optionally obtained
from calibration measurements, 1s stored and accessed as
needed.

In an embodiment, the control signal generation stage 106
converts the sequence of intensity values to be applied at
cach of the points 1n the spot exposure grid to setpoint values
in order to generate the control signal. In an embodiment the
setpoint values take into account the nature of the patterning
device. For example, where the patterning device comprises
a plurality of self-emissive contrast devices, the setpoint
values 1 such an embodiment account for non-linearity in
the response ol the self-emissive contrast devices (e.g.
non-linearity 1n the variation of output power as a function
of applied setpoint/voltage/current). In an embodiment the
setpoint values take mto account variations in the properties
of nominally 1dentical contrast devices, by calibration mea-
surements for example.

A control signal output stage 110 receives the control
signal from the control signal generation stage and supplies
the signal to the patterning device.

In the example shown i FIG. 6, stages 102 and 104
operate 1n an oflline part 112 of the data-path and stages
106-110 operate 1n an online (i.e. realtime) part 114 of the
data-path. However, this 1s not essential. In an embodiment
all or a portion of the functionality associated with stage 104
are carried out online. Alternatively or additionally, all or a
portion of the functionality of stages 106 and/or 108 are
carried out offline.

FIG. 9 illustrates an example device layout on a substrate
W. The device layout may be for a flat panel display or a
portion thereof, for example. The layout comprises a plu-
rality of rectangular areas 134 comprising arrays of pixels
154 (shown in FIG. 10) surrounded by border regions 132.
FIG. 10 depicts a close up view of the corner region 130 of
one of the rectangular areas.

The device layout illustrated contains a large amount of
repetition. The device pattern necessary for defining each of
the pixels 154 1s identical. Similarly, each of the device
patterns necessary for defining sections 138-145 of the
border regions 132 1s 1dentical. There may also be a signifi-
cant degree of repetition within each of the pixels 154 and/or
within each of one or more of the sections 138-145.

In an embodiment, repetition within the desired device
pattern 1s exploited by using a hierarchy in the vector-based
representation. In an embodiment a library of primitive
patterns 1s provided and the vector-based representation
describes a device pattern by speciltying where istances of
these primitive patterns are located in the pattern (e.g. by
speciiying their location and orientation).

FIG. 11 depicts two example primitives, P1 and P2. FIG.
12 illustrates a portion of a target device pattern that 1s built
up from two P1 primitives and one P2 primitive. Axes 160
and 162 represent axes (e.g. X and Y) 1n a coordinate system
of the vector-based representation. The arrows 164, 166 and
168 1illustrate vectors that specity the positions of the three
primitives 1n the pattern. The vector-based representation
defining this pattern comprises definitions of each of the two




US 10,346,729 B2

15

primitives P1 and P2 that are used (which may be referred
to as “primitive data”) and the vectors 164, 166, 168 (which
may be referred to as “instance data”). In thus example the
instance data comprises position information only (via vec-
tors 164, 166 and 168). However 1n an embodiment, other
information, such as orientation information, 1s provided.
The primitive P1 only has to be defined once despite the fact
that there are a plurality of instances of the primitive P1.
Where there are a large number of instances of any given
primitive there will therefore be a large reduction 1n the data
volume compared with representations that define each
primitive separately regardless of repetition (1.e. a system
without hierarchy).

The data-path processing converts the vector-based rep-
resentation into a rasterized representation as a step to
forming a control signal for the patterning device. However,
rasterization processes typically mvolve the generation of
bitmap files which do not keep any hierarchy. I a feature 1s
repeated, all of the bitmap values that define that feature waill
also tend to be repeated. The output of the rasterization
process therefore tends to be very much larger than the
vector-based representation. For example, for a vector-based
representation of a typical pattern defined on a 100 nm grid,
a typical data size would be about 100 MByte. A fully
decompressed rasterized representation (1.e. a representation
without hierarchy) of such a pattern might be about 100
1Byte.

Large data volumes are difficult to handle efliciently in the
data-path, increasing expense and/or inhlibiting perfor-
mance.

According to an embodiment, the performance of the
data-path 1s improved by delaying full decompression of the
desired dose pattern data until later 1n the data-path. This 1s
achieved by converting the vector-based representation of
the desired device pattern into a rasterized representation
that maintains a degree of hierarchy (and therefore com-
pression). The rasterized representation maintaining a
degree of hierarchy may be referred to as a hierarchical
rasterized representation.

In an embodiment, the hierarchical rasterized representa-
tion 1s generated as follows. Rasterized versions of each of
the primitive patterns that are used in the vector-based
representation are generated. The rasterized versions may be
referred to as “rasterized primitives”. The rasterized primi-
tives for a given desired device pattern are then stored along
with instance data describing where each instance of each
rasterized primitive 1s positioned in the pattern. In an
embodiment, the rasterized primitives are generated each
time a given vector-based representation 1s to be converted.
Alternatively or additionally, a library of pre-rasterized
primitives 1s formed. In an embodiment, such a library
contains rasterized primitives corresponding to the primi-
tives used 1 a given vector-based representation to be
converted plus a number of other rasterized primitives that
may be useful for converting other vector-based represen-
tations. In an embodiment, the library contains rasterized
primitives for all of the primitives that may be used by a
grven type of vector-based representation. In an embodiment
the library contains a rasterized primitive for each primitive
that can be used in the GDSII format. The use of such a
library may speed up the process of generating the hierar-
chical rasterized representation.

FIG. 13 illustrates schematically how rasterized primi-
tives RP1 and RP2 corresponding respectively to the primi-
tives P1 and P2 shown in FIG. 11 are formed in an
embodiment. In this embodiment, the rasterized primitives
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comprise a set of values representing the dose to be applied
in each of a set of regions 158 of a rasterization grid.

FIG. 14 illustrates how the instance data in an embodi-
ment describe how the rasterized primitives RP1 and RP2
should be positioned. Axes 170 and 172 define the coordi-
nate system. In this embodiment the instance data comprises
vectors 174, 176 and 178, defined relative to the coordinate
system, which specily the positions of the two instances of
the RP1 rasterized primitive and the one instance of the RP2
rasterized primitive. In this example the mstance data com-
prises position information only (via vectors 174, 176 and
178). However in an embodiment, other information, such
as orientation information, 1s provided.

The primitives (vector-based and/or rasterized) may take
various forms. In an embodiment, the primitives comprise
one or more of the following: a closed shape (e.g. circle), a
polgyon (regular or irregular), intersecting lines forming a
non-closed shape (e.g. a cross shape), a non-intersecting line
(e.g. a single line, a plurality of lines, parallel lines, a line
forming a corner or elbow). In an embodiment, the primi-
tives comprise portions of the desired device pattern corre-
sponding to particular device features. In an embodiment, at
least one of the primitives comprises most or all of the
pattern necessary to define a single tlat panel display pixel.
In an embodiment, at least one of the primitives comprises
most or all of the pattern necessary to define a segment of the
border region of a tlat panel display. In an embodiment, the
segment of the border region comprises a portion of a border
region that 1s aligned substantially perpendicularly to a
scanning direction of the substrate. In such an embodiment,
the portion of the border region optionally 1includes all of the
width of the border region substantially parallel to the
scanning direction and a portion of the length of the border
region substantially perpendicular to the scanning direction.
In an embodiment, the segment of the border region com-
prises a portion of a border region that 1s aligned substan-
tially parallel to a scanning direction. In such an embodi-
ment, the portion of the border region optionally include all
of the width of the border region substantially perpendicular
to the scanning direction and a portion of the length of the
border region substantially parallel to the scanning direction.

In an embodiment, one or more of the primitives forming,
the desired device pattern may overlap with each other.

In the example data-path processing sequence described
above with reference to FIG. 6, the rasterization stage 104 1s
configured to operate offline. Where the rasterization stage
produces a fully decompressed rasterized representation (1.¢.
without hierarchy), large capacity storage hardware 1s there-
fore used to store the output and transfer the output to the
online part of the data-path.

In an embodiment, the rasterization stage 104 1s config-
ured to output a hierchical rasterized representation, as
described above, 1mnstead of a fully decompressed rasterized
representation. This approach reduces the volume of data
stored and transferred and therefore saves cost and/or time.

In an embodiment, decompression of the hierarchical
rasterized representation (1.e. removal of the hierarchy) 1s
performed by the control signal generation section 106. In an
embodiment, the decompression 1s performed online. In an
embodiment, the decompression 1s performed as part of the
mapping operation between the rasterization grid and the
spot exposure grid for example. In an embodiment, the
process of decompression 1s combined with the process of
interpolating between the rasterization grid and the spot
exposure grid. In an embodiment, at least a portion of the
decompression and/or mapping and/or interpolation 1s car-
ried out while the pattern 1s being formed 1n or on the
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substrate by the lithographic or exposure apparatus. In an
embodiment, the decompression comprises, for each point 1in
the rasterization grid, referring to the instance data and the
rasterized primitive data to determine the desired dose value
at the point.

FIG. 15 1llustrates a portion of a data processing system
100 according to an embodiment. In this embodiment,
setpoint data or data for use 1n deriving setpoint data, 1s
output via output units 180. A plurality of the output units
180 are provided. Each output umt 180 corresponds to a
portion of the area of the target (e.g., substrate) onto which
the desired dose pattern 1s to be exposed. In an embodiment,
cach portion 1s a strip aligned substantially parallel to a
direction of scanning of the substrate relative to the pattern-
ing device. In an embodiment, each portion corresponds to
the region where spot exposures from a single, mechanically
distinct patterning device or portion of the patterning device
are received. In an embodiment, each of the strips 1s aligned
with spot exposures from one, or a group of more than one,
self-emissive contrast devices of a patterning device. In an
embodiment, each of the strips 1s aligned with spot expo-
sures from a lens 12 that 1s configured to receive radiation
from a particular one, or group of more than one, seli-
emissive contrast devices and has a fixed spatial relationship
with that one, or group of more than one, self-emissive
contrast devices (e.g., the lens 12 1s not configured to rotate
on a frame 8 like lenses 14 and 18). In an embodiment, the
strips overlap with each other 1n a direction substantially
perpendicular to the scanning direction to help ensure con-
tinuity in the dose pattern formed.

Each of the output units 180 1s connected to a processing
unit 182 that 1s configured to calculate setpoint data (or data
for use 1 deriving setpoint data) for the output unit 180 to
which 1t 1s connected. In an embodiment, the calculations
comprise one or more of the calculations described above 1n
relation to the control signal generation stage 106. In an
embodiment, the calculations include conversion of a ras-
terized representation of a portion of a desired dose pattern
corresponding to the strip associated with the processing
unit 182 to a sequence of setpoint data for producing the
desired dose pattern. In an embodiment, where the process-
ing unit 1s associated with a particular portion of the pat-
terming device the setpoint data 1s configured to be suitable
to control the one or more contrast devices associated with
that portion of the patterning device.

In an embodiment, the data processing system 100 com-
prises a higher bandwidth memory section 185 and a lower
bandwidth memory section 189 (the higher bandwidth
memory section 185 having a bandwidth that 1s higher than
the bandwidth of the lower bandwidth memory section). In
an embodiment, the higher bandwidth memory section 183
comprises a plurality of separate local memories 184. In an
embodiment, each of the local memories 184 1s connected to
one of the processing units 182. In an embodiment, the lower
bandwidth section 189 comprises one or more shared memo-
ries 188. In an embodiment, each of the one or more shared
memories 188 1s selectively connectable to two or more of
the processing units 182. In the example shown, each of the
shared memories 188 1s selectively connectable via a switch
186 to two processing units 182. In other embodiments, the
shared memories are connectable to more than two process-
ing units 182 and/or to processing units 182 that are not
directly adjacent to each other (1.e. not neighboring).

In an embodiment, the data processing system 100 com-
prises a plurality of local memories 184 and no shared
memory 188. In an embodiment, the data processing system
100 comprises a plurality of shared memories 188 and no
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local memory 184. In an embodiment, a single shared
memory 188 1s provided, with or without local memory 184.

The provision of separate memory sections having dif-
ferent bandwidths makes 1t possible to store the rasterized
representation that 1s to be converted by the processing units
182 1n a more optimal manner. In particular it 1s possible to
store data that needs to be accessed more frequently, at a
higher rate, and/or by several of the processing units 182
simultaneously, 1n the higher bandwidth memory section
185 and data that needs to be accessed less frequently, at a
lower rate and/or by fewer or none of the processing units
182 simultaneously, in the lower bandwidth memory section
189. This approach makes it possible to minimize the total
memory bandwidth for a given level of performance, thus
reducing or minimizing cost (and/or maximizing or 1Mprov-
ing performance for a given cost).

In an embodiment, data associated with portions of the
desired device pattern that repeat 1n a direction substantially
perpendicular to the scanning direction, such that they may
need to be accessed simultaneously by different processing
units 182, 1s stored 1n the higher bandwidth section 183, for
example 1n each of the local memories 184 1n an arrange-
ment of the type shown i FIG. 15. In an embodiment,
primitive patterns that have one or more mstances in each of
two or more of the strips may be stored in the higher
bandwidth section 185. In an embodiment, primitive pat-
terns that have one or more instances in each of a majority
of the strips may be stored in the higher bandwidth section
185. In an embodiment primitives that have instances in
more than two (or in a majority of) the strips, and which
overlap with each other 1n the direction substantially per-
pendicular to the scanning direction, may be stored in the
higher bandwidth section 185.

In an embodiment configured to deal with device layouts
of the type shown 1n FIGS. 9 and 10, 1n the case where the
scanning direction 1s horizontally left to right, data associ-
ated with the pixels 154 and with the segments 138 and 139
of border regions that are substantially perpendicular to the
scanning direction are stored in the higher bandwidth section
185. In contrast, data associated with the segments 140-145,
which are aligned substantially parallel to the scanning
direction (and which will thus rarely be needed by a large
number of different processing units 182 simultaneously) are
stored 1n the lower bandwidth memory section 189, for
example 1n each of the shared memories 188 1n an arrange-
ment of the type shown 1n FIG. 15.

In an embodiment, data associated with portions of the
desired device pattern that have lower levels of feature
repetition within them (and/or higher entropy) than the
average of the device pattern, and which are elongate in the
direction substantially perpendicular to the scanning direc-
tion, are stored 1n the higher bandwidth section 18S.
Examples of such portions are border regions (or segments
thereol) 1n a flat panel display device pattern (e.g. segments
138 and 139). The amount of data per unit area of pattern to
represent such portions will be relatively high (even using
hierarchy/compression). The elongation substantially per-
pendicular to the scanning direction tends to mean that the
data will need to be accessed at a high rate and/or by a
plurality of processing units simultaneously. The use of the
higher bandwidth section 189 1s therefore advantageous for
such portions.

In an embodiment, data associated with portions of the
desired device pattern that have lower levels of repetition
within them (and/or higher entropy) than the average within
the pattern, but which are not elongate in the direction
substantially perpendicular to the scanning direction, are
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stored 1n the lower bandwidth section 189. Examples of such
portions are border regions (or segments thereol) in a flat
panel display device pattern (e.g. segments 140-145).
Although the amount of data per unit area of pattern to
represent such portions will be high, the lack of elongation
substantially perpendicular to the scanning direction waill
tend to reduce the rate at which the data will be accessed for
the data-path calculations and/or the number of processing,
units that will access the data simultaneously.

In an embodiment, the repeating portions of device pat-
tern for which data 1s selectively stored in the lower band-
width memory section 189 or the higher bandwidth memory
section 185 have surface arecas that are greater than a
minimum threshold size. In an embodiment, the minimum
threshold size is about 10*x(critical dimension)”. Here,
“critical dimension”, which may be referred to as “CD”,
refers to the resolution of the apparatus being used or the
characteristic length scale of the smallest structure that can
be 1imaged or formed 1n or on the substrate by the apparatus.
In an embodiment, the critical dimension 1s about 1 micron.
In an example of such an embodiment, the mimimum thresh-
old size is about 10*x(micron)”. In an embodiment, portions
of the desired device pattern that are smaller than the
mimmum threshold size are aggregated together to form
portions that are larger than the minimum threshold size. In
an embodiment, this aggregation processing 1s performed by
the rasterization unit 104. In an embodiment, the rasterized
primitives output by the rasterization unit 104 as part of the
hierarchical rasterized representation comprise rasterized
versions of the aggregated patterns.

A representation of the desired dose pattern having a
hierarchy (rasterized or not rasterized) cannot generally be
stored 1n memory 1n the order 1n which the data will need to
be accessed during exposure or 1n processing steps shortly
betore exposure. If the hierarchy 1s still present 1in the online
part of the datapath, it can be dificult and/or expensive to
provide hardware that can process the hierarchical represen-
tation suthciently quickly to achieve the desired throughput.

In an embodiment, an apparatus and method 1s provided
to implement “just 1n time” 1mage reconstruction of only the
part of the desired dose pattern that will be formed on the
substrate within a certain (e.g., predetermined) time period.
In an embodiment, the time period 1s set according to
available memory and memory bandwidth.

FIG. 16 illustrates a portion of the datapath according to
an embodiment. A resource stage 190 1s provided. The
resource stage 190 provides, on demand, data units. Each of
these data units represents a diflerent portion of a desired
dose pattern. In an embodiment, the resource stage 190
comprises a memory storing the data units. In an embodi-
ment, the resource unit 190 1s in communication with a
memory storing the data units. A bufler memory 196 1s
provided that receives data units from the resource stage
190. The buffer memory 196 outputs 195 the data units as
needed (e.g. “just 1in time™) to provide a control signal to the
programmable patterning device. In an embodiment, the
builer memory 196 has a limited size but high bandwidth. In
an embodiment, the output 195 1s provided directly to the
programmable patterning device. In an embodiment, the
output 195 1s provided to an intermediate processing device
that will process the output further before the output 1s used
to drive the programmable patterning device. In an embodi-
ment, the output 195 1s provided 1n real time (i.e. 1n the
online part of the datapath, during at least part of the
EXpOosure process).

In an embodiment, a flow controller 192 1s provided that
controls the transfer of data units to and/or from the bufler
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memory 196. In an embodiment, the control 1s such that each
data unit 1s stored 1n the butler memory 196 for a time period
that 1s shorter than the time necessary to expose the complete
desired dose pattern. The size of the buller memory 196,
relative to a memory that stores the complete desired dose
pattern, 1s thereby reduced.

In an embodiment, the desired dose pattern 1s divided 1nto
portions. In an embodiment, each portion 1s represented by
one data unit. The portions may be referred to as blocks. In
an embodiment, one block has the substantially same size as
at least one other block. In an embodiment, all of the blocks
have the substantially same size. In an embodiment, one
block has the substantially same shape as at least one other
block. In an embodiment, all of the blocks have the sub-
stantially same shape. In an embodiment, one block has the
substantially same orientation as at least one other block. In
an embodiment, all of the blocks have the substantially same
orientation. In an embodiment, all blocks that are within a
grven strip of the desired dose pattern have the substantially
same shape and/or orientation. In an embodiment, blocks 1n
different strips have a different shape and/or orientation. In
an embodiment, each strip 1s aligned substantially parallel to
a direction of scannming of the substrate relative to the
patterning device. In an embodiment, each strip corresponds
to the region where spot exposures from a single, mechani-
cally distinct patterning device or portion of the patterning
device are received.

In an embodiment, individual structures of the desired
dose pattern are not restricted to being located entirely
within one block. Individual features may span a plurality of
blocks. In an embodiment, individual structures are not
aligned with the blocks and/or with the rasterization grid. In
an embodiment, the data processing device 100 performs
stitching between structures that span a plurality of blocks,
are not aligned to the blocks and/or are not aligned to the
rasterization grid.

In an embodiment, each block comprises a rectangular or
square grid of points in a rasterization grid. In an embodi-
ment, each block comprises 32x32 points. In an embodi-
ment, each block comprises 16x16 points. In an embodi-
ment, each block comprises 32x16 points. In an
embodiment, each block contains a number of points other
than 32x32, 16x16, or 32x16 points.

In an embodiment, each data unit comprises a hierarchi-
cal, compressed representation of the desired dose pattern 1in
a block. In an embodiment, the hierarchical representation 1s
a rasterized representation. In an embodiment, the rasterized
representation comprises one or more rasterized primitives
and instance data. Each rasterized primitive 1s a rasterized
version of a different primitive pattern. The instance data
specifies how the portion of the desired dose pattern in the
block 1s formed from one or more instances of each of the
rasterized primitives stored in the data unit.

In an embodiment, the flow controller 192 receives infor-
mation specilying the one more or more positions at which
the portion of the dose pattern specified in each data unit
should be formed on a target (e.g., the substrate). In an
embodiment, this information 1s derived, at least partly, from
the data units themselves (e.g. from the 1nstance data).

In an embodiment, the flow controller 192 1s configured
to recerve mput from a calibration unit 194. In an embodi-

ment, the calibration unit 194 provides information about
the state of the substrate. In an embodiment, the information
about the state of the substrate 1s derived from measure-
ments of the state of the substrate. In an embodiment, the
information about the state of the substrate 1s specified by an
operator. In an embodiment, the state of the substrate
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includes the position and/or speed of the substrate (e.g.
relative to the programmable patterning device or other
reference frame that 1s fixed relative to the installation
environment of the lithography apparatus). In an embodi-
ment, the state of the substrate includes distortion of the
substrate and/or the orientation of the substrate. In an
embodiment, the distortion/orientation includes one or more
selected from the following: magnification, translation, rota-
tion, and/or skew. In an embodiment, the calibration unit 194
also provides information about the state of the projection
system optics. In an embodiment, the orientation of the
projection system optics, for example relative to the orien-
tation of the substrate, 1s provided.

In an embodiment, the flow controller 192 controls the
transier of data units to and/or from the bufler memory 196
as a function of one or more factors that affect when the data
units will be needed. In an embodiment, information about
such factor(s) 1s provided by the calibration unit 194. In an
embodiment, the flow controller 192 controls the transfer of
data units to and/or from the bufler memory 196 as a
function of one or more of the following: 1) the speed of
scanning of the substrate relative to the programmable
patterning device; and 2) the degree of magnification of the
desired dose pattern on a target (e.g., the substrate). In this
way, the average time for which data units are stored 1n the
bufler memory 196 1s reduced. The size and/or bandwidth
requirements of the butler memory 196 can thus be reduced.

In an embodiment, a substrate adaptation unit 198 1s
provided. In an embodiment, the flow controller 192 con-
trols the transfer of data units from the substrate adaptation
unit 198 to the builer memory 196. In an embodiment, the
substrate adaptation unit 198 receives data units from the
resource unit 190. In an embodiment, the substrate adapta-
tion unit 198 applies a transformation (e.g. a geometric
transformation) to received data units. In an embodiment,
the transformation corrects the data units to take account of
a geometrical state of the substrate (relative to the geometri-
cal state, for example orientation, of the projection system
optics for example). In an embodiment, information about
the geometrical state of the substrate 1s provided by the flow
controller 192 and/or the calibration unit 194. In an embodi-
ment, the transformation corrects each data unit to account
tor the geometrical state of the substrate 1n the region where
the pattern corresponding to the data unit will be formed. In
an embodiment, the geometrical state of the substrate
includes one or more seclected from the following: the
orientation of the substrate, a translational shift, a rotational
shift, a skew, and/or magnification.

Adapting/transforming the data units, downstream of the
resource unit 190, to take account of the geometrical state of
the substrate reduces the extent to which the data units
provided by the resource umt 190 need to be substrate
dependent. Reducing the substrate dependence reduces the
extent to which the data units need to be adapted at the level
of the resource unit 190 when a substrate 1s changed, thus
potentially reducing data processing requirements. In the
limat that the geometrical state of the substrate 1s completely
accounted for, the data units provided by the resource unit
190 can be substrate independent. Making the data units
substrate independent means that the data units do not need
to be reloaded when a substrate 1s changed, thus reducing
processing load at substrate changeover and/or speeding up
the substrate changeover processing and/or 1mproving
throughput.

Adapting/transforming the data units, downstream of the
resource unit 190, to take account of the orientation of the
substrate makes it possible to deal efliciently with different
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orientations of the substrate (e.g. orientations that difler
from one substrate to the next, orientations that are not
rectangular and/or orientations which are not aligned in the
same direction as the desired dose pattern or the blocks
making up the desired dose pattern). Diflerent orientations
can be handled without changing any of the data processing
operations at or prior to the resource unit 190.

Taking account of the substrate speed downstream of the
resource unit 190 makes 1t possible to deal with different
scanning speeds without changing any of the data processing
operations at or prior to the resource unit 190.

In an embodiment, one or more regions of the dose pattern
comprise blank regions. In an embodiment, the blank
regions are located 1n the region of a substrate edge. In an
embodiment, such blank regions are represented by “black™
blocks or blocks contaiming uniformly zero intensity/dose. A
single data unit representing such a black block can be
reused repeatedly to form the blank regions, thus improving
ciliciency.

In an embodiment, the resource unit 190 1s configured to
handle one or more data units that are substrate independent
and one or more data units that are substrate dependent. In
an embodiment, the substrate independent data units and the
substrate dependent data units are processed downstream
from the resource unmt 190 according to the discussion above
(c.g. to compensate for scan speed and/or a geometrical
state/orientation of the particular substrate). In an embodi-
ment, the substrate independent data units represent blocks
of the desired dose pattern that are 1dentical for a plurality
of different substrates. In an embodiment, the substrate
dependent data units represent blocks of the desired dose
pattern that are unique to the particular substrate being
exposed, such as blocks representing all or part of a serial
number of the substrate. Enabling the resource unit 190 to
handle both substrate dependent and substrate independent
data makes 1t possible to efliciently handle desired dose
patterns that are 1dentical for a series of substrates except for
small unique features such as serial numbers. Only the
substrate dependent data needs to be loaded into memory on,

¢.g., substrate exchange. The bulk of the data does not have
to be reloaded.

The process of converting a vector-based representation
of a desired device pattern to a rasterized or sampled
representation of the corresponding dose pattern can mnvolve
significant computing resources. Handling of the obtained
rasterized or sampled representation may require significant
storage requirements. Transmission or communication of the
obtained rasterized or sampled representation may require
significant transmission bandwidth. Processing of the
obtained rasterized or sampled representation, for example
to produce setpoint data for a programmable patternming
device, may require significant processing power.

In an embodiment the rasterization process 1s performed
based on a rasterization or sampling grid. The rasterization
or sampling grid defines the points or locations at which the
rasterized or sampled representation defines desired dose
values (1.e. sampling). In an embodiment, the rasterization or
sampling grid 1s defined by one or more basis functions. In
an embodiment, such a basis function comprises one or more
selected from the following: Dirac delta function pulse,
spline, Fourier series, and/or polynomials.

In an embodiment an analysis of a region of the desired
device pattern 1s performed 1n order to obtain a measure of
a computational requirement to obtain, to store or to process
the rasterized or sampled representation corresponding to
that region. In an embodiment, an analysis of a simulated or
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actual dose pattern produced using the rasterized or sampled
representation corresponding to that region 1s performed.

In an embodiment, the rasterization or sampling grid 1s
modified based on the analysis. In an embodiment, the
rasterization or sampling grid 1s modified to change the
geometry of the rasterization or sampling grid. In an
embodiment, the rasterization or sampling grid 1s modified
to change a basis function of the rasterization or sampling
orid. In an embodiment, the rasterization or sampling grid 1s
modified to change the density of the rasterization or sam-
pling grid.

In an embodiment, if the analysis reveals that one or more
computational requirements to handle the rasterized or
sampled representation 1s/are not sutliciently well matched
to an available resource, the rasterization or sampling grid 1s
modified to improve the match. In an embodiment, the
density of the rasterization or sampling grid (represented, for
example, by the average number of grid points per unit area)
1s decreased if the analysis reveals that the computational
requirement 1s too high (such that an available resource
would be overused). In an embodiment, the density of the
rasterization or sampling grid 1s increased if the analysis
reveals that the computational requirement 1s too low (such
that an available resource would be underused).

In an embodiment, the analysis of the simulated or actual
dose pattern comprises an analysis of the 1image quality of
the simulated or actual dose pattern.

T'he rasterization or
sampling grid 1s then modified to achieve a desired level of
image quality. In an embodiment, 1f the 1mage quality 1s too
low the rasterization or sampling grid 1s modified to increase
the 1image quality (e.g. by increasing the grid density). In an
embodiment, 1f the 1image quality 1s unnecessarily high the
rasterization or sampling grid 1s modified to decrease the
image quality (e.g. by decreasing the grid density). In an
embodiment, the image quality 1s analyzed to determine a
line edge roughness, or a normalized i1mage log slope
(NILS), or both.

The quality of the dose pattern may thereby be maximized
for the resources available. In an embodiment, the modifi-
cation of the rasterization or sampling grid 1s applied 1nde-
pendently for different regions i1n order to optimize image
quality for all of the diferent regions. In an embodiment, the
rasterization grid 1n different regions has different densities,
geometries and/or basis functions.

FIG. 17 1s a schematic illustration of an example appa-
ratus to convert a vector-based representation to a rasterized
or sampled representation. A storage device 210 1s config-
ured to store the vector-based representation and provide the
vector-based representation or portions thereof to a data
processing device 220. The data processing device 220 of
this embodiment comprises an analyzer 212 configured to
analyze a region of the desired device pattern to obtain a
measure of a computational requirement to handle that
region or to analyze a simulated or actual dose pattern
produced using a rasterized or sampled representation of the
region. The analyzer 212 outputs a result of the analysis to
a grid moditying unit 214. The grid modifying umt 214
determines whether the rasterization or sampling grid should
be modified and, 11 so, how the rasterization or sampling grid
should be modified.

In an embodiment, the data processing device 220 com-
prises a low-pass filter 215 (which may also be referred to
as an anti-aliasing {filter) and a rasterizer 216. The low pass
filter 2135 1s configured to filter the desired device pattern to
remove one or more high spatial frequency components. In
an embodiment, the low pass filter 215 1s characterized by
a cut-oil frequency or range of frequencies (representing the
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frequency range over which the low pass filter behavior
changes from substantially blocking to substantially passing
frequency components). The low pass filter 215 substan-
tially passes ifrequency components of an input signal that
are below the cut-ofl frequency or range of frequencies. The
low pass filter 215 substantially blocks frequency compo-
nents of an input signal that are above the cut-ofl frequency
or range ol frequencies.

In an embodiment, the rasterizer 216 1s configured to
rasterize or sample a version of the desired device pattern
that has been filtered by the low pass filter 215.

In an embodiment, the behavior of the low pass filter 215
(e.g. cut-ofl frequency or range of frequencies) 1s chosen as
a Tunction of the rasterization or sampling grid to be used to
perform the rasterization. In an embodiment, the filter
behavior 1s chosen such that aliasing caused by insuilicient
sampling of the filtered dose pattern by the rasterization or
sampling grid 1s avoided.

In an embodiment, the modified rasterization or sampling,
orid generated by the grid modifying unit 214 1s output to the
low pass filter 215 (to enable the filter characteristics to be
selected accordingly) and to the rasterizer 216 (for use 1n
performing the rasterization).

In an embodiment, the output 218 from the rasterizer 216
1s used to generate a sequence of setpoint data to drive a
programmable patterning device of an exposure apparatus.

FIG. 18 depicts an example process to obtain a modified
rasterization or sampling grid. In an embodiment, the pro-
cess depicted 1s performed by the storage device 210,
analyzer 212, grid modifying unit 214, and low pass filter
215 of the embodiment of FIG. 17. In an embodiment, the
output 1s passed to rasterizer 216 of the embodiment
depicted 1n FIG. 17.

In step 222, a vector-based representation of a desired
device pattern 1s provided (for example from the storage
device 210).

In filter step 224, the desired device pattern 1s optionally
low pass filtered (for example using low pass filter 215). In
an alternative embodiment, the filtering operation does not
form part of the process to obtain the modified rasterization
or sampling grid and step 222 proceeds directly to step 226,
bypassing step 224 (path 225).

In analysis step 226, a region of the desired device pattern
1s analyzed to obtain a measure of a computation require-
ment needed to obtain, to store, or to process a rasterized or
sampled representation of the region, or a simulated or
actual dose pattern produced using a rasterized or sampled
representation of the region 1s analyzed to obtain a measure
of 1mage quality.

In comparison step 228, the obtained measure of a com-
putational requirement or 1mage quality 1s compared with a
stored target computational requirement or target image
quality 230. If the comparison reveals that the obtained
measure 1s too low or too high (branch 236), the rasterization
or sampling grid 1s modified (step 232) and the modified
rasterization or sampling grid 1s provided to the analysis step
226. The analysis step 226 repeats the analysis performed
previously based on the new rasterization or sampling grid.

I1 the comparison 1n comparison step 228 reveals that the
obtained measure 1s within an acceptable error margin of the
stored target requirement 230, or a certain (e.g., predeter-
mined) number of 1terations (loops through steps 226, 228
and 232) has been performed, the process takes branch 238
and outputs the current modified rasterization or sampling
orid 1n output step 234 (assuming the comparison step 228
was not satisfied the first time, 1n which case the initial
unmodified rasterization or sampling grid 1s output).




US 10,346,729 B2

25

In an embodiment, the analysis to obtain a measure of the
computational requirement or image quality 1s performed for
a plurality of distinct regions individually. In an embodi-
ment, a portion of the rasterization or sampling grid corre-
sponding to each of the individually analyzed regions 1s
modified mndividually. In an embodiment, the density of the
rasterization or sampling grid 1s modified to be higher 1n a
region corresponding to a more complex, or higher resolu-
tion, area of device pattern (or a region that requires a denser
rasterization or sampling grid to produce a dose pattern
suitable for forming the device pattern in the region to a
certain level of accuracy) relative to a region corresponding
to a less complex, or lower resolution, area of the device
pattern (or a region that requires a less dense rasterization or
sampling grid to produce a dose pattern suitable for forming
the device pattern 1in the region to a certain level of accu-
racy). The rasterization or sampling grid density can thus be
varied spatially to adapt to one or more requirements (e.g.
line edge roughness and/or normalized 1mage log slope) of
the desired device pattern. The total number of grid points in
the rasterization or sampling grid can be reduced relative to
the case where the rasterization or sampling grid has a
uniform density i all regions. Oversampling of a region
where the pattern should only require relatively sparse
sampling 1s more easily avoided. Undersampling of a region
where the pattern should require relatively dense sampling 1s
more easily avoided.

In an embodiment, the computational requirement
referred to above includes one or more selected from the
following: a storage requirement (€.g. physical memory size
requirement), a bandwidth requirement (e.g. for transmis-
sion of the rasterized data), and/or a processing requirement
(e.g. for downstream processing of the rasterized represen-
tation, for example to produce setpoint data for a program-
mable patterning device or intermediate data that can be
used to produce the setpoint data).

In accordance with a device manufacturing method, a
device, such as a display, integrated circuit or any other 1tem
may be manufactured from the substrate on which the
pattern has been projected.

Although specific reference may be made 1n this text to
the use of a lithographic or exposure apparatus in the
manufacture of ICs, 1t should be understood that the appa-
ratus described herein may have other applications, such as
the manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, tlat-panel
displays, liquid-crystal displays (LLCDs), thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms
“water” or “die” herein may be considered as synonymous
with the more general terms “substrate’” or “target portion”,
respectively. The substrate referred to herein may be pro-
cessed, before or after exposure, i for example a track (a
tool that typically applies a layer of resist to a substrate and
develops the exposed resist), a metrology tool and/or an
inspection tool. Where applicable, the disclosure herein may
be applied to such and other substrate processing tools.
Further, the substrate may be processed more than once, for
example 1n order to create a multi-layer 1C, so that the term
substrate used hereimn may also refer to a substrate that
already contains multiple processed layers.

The term “lens”, where the context allows, may refer to
any one of various types ol optical components, including
refractive, diflractive, retlective, magnetic, electromagnetic
and electrostatic optical components or combinations
thereof.
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While specific embodiments of the imnvention have been
described above, 1t will be appreciated that the immvention
may be practiced otherwise than as described. For example,
the embodiments of the invention may take the form of a
computer program containing one or more sequences of
machine-readable 1nstructions describing a method as dis-
closed above, or a data storage medium (e.g. semiconductor
memory, magnetic or optical disk) having such a computer
program stored therein. Further, the machine-readable
istruction may be embodied 1 two or more computer
programs. The two or more computer programs may be
stored on one or more different memories and/or data storage
media.

The descriptions above are intended to be 1llustrative, not
limiting. Thus, 1t will be apparent to one skilled 1n the art that
modifications may be made to the mvention as described
without departing from the scope of the claims set out below.

The mvention claimed 1s:

1. An apparatus to provide data to a programmable
patterning device ol an exposure apparatus, the apparatus
comprising;

a processor system comprising instructions, that when

executed by the processor system, configured to con-
vert a vector-based representation of at least part of a
desired exposure pattern to a plurality of data unaits,
wherein each data unit represents a pattern to be formed
in a different portion of a desired dose pattern corre-
sponding to the desired exposure pattern, wherein each
data unit comprises a rasterized representation of the
portion of the desired dose pattern, the rasterized rep-
resentation comprising one or more rasterized primi-
tives of the dose pattern, each rasterized primitive
being a rasterized version of a different primitive
pattern, and wherein each data unit comprises instance
data specitying how the portion of the desired dose
pattern 1s formed from one or more instances of each of
the rasterized primitives stored 1n the data unit;

a buller memory configured to recerve the plurality of data
units determined by the processor system, wherein the
bufler memory 1s configured to output the data units as
needed to provide a control signal to the programmable
patterning device during pattern formation of a particu-
lar substrate by the exposure apparatus;

a flow controller configured to control transier of the data
units to and/or from the bufler memory; and

a control signal generator configured to process the ras-
terized representations of the data umits based on
instance data of the data units to generate the control
signal from the data units.

2. The apparatus according to claim 1, wherein the flow
controller 1s configured to receive information speciiying
one or more positions at which each of the portions of the
desired dose pattern should be formed on a target.

3. The apparatus according to claim 1, wherein each
portion of the desired dose pattern 1s substantially the same
s1ze and/or shape.

4. The apparatus according to claim 1, wherein the flow
controller 1s configured to control a rate at which the data
units are transierred to the bufler memory as a function of a
scanning speed of the substrate relative to the programmable
patterning device, a degree of magnification of the desired

dose pattern on a target, or both the speed of scanning and
the degree of magnification.
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5. The apparatus according to claim 1, wherein:

the flow controller 1s configured to ensure that the butler
memory stores data units for only those portions of the
desired dose pattern that will be formed within a certain
period of time; and d

the flow controller 1s configured to set the period of time
as a function of a scanning speed of the substrate
relative to the programmable patterning device, a
degree of magnification of the desired dose pattern on
a target, or both the speed of scanning and the degree
ol magnification.

6. The apparatus according to claim 1, further comprising
a substrate adaptation unit configured to apply a geometric
transformation to each of one or more of the data units to
account for a geometrical state of the substrate in the region
where the portion of the desired dose pattern represented by
the data unit 1s to be formed.

7. The apparatus according to claim 6, wherein the
geometric transformation comprises one or more selected »g
from the following: a translational shift, a rotational shift, a
skew adjustment, and/or a magnification.

8. The apparatus according to claim 1, further comprising
a resource unit configured to provide all of the data unaits,
wherein the resource unit 1s configured to output one or more 25
data units that are substrate independent and one or more
data units that are substrate dependent.

9. A method of providing data to a programmable pat-
terming device of an exposure apparatus, the method com-
prising:

using a processor system, converting a vector-based rep-

resentation of at least part of a desired exposure pattern
to a plurality of data units, wherein each data umt
represents a pattern to be formed 1n a different portion
ol a desired dose pattern corresponding to the desired
exposure pattern, wherein each data unit comprises a
rasterized representation of the portion of the desired
dose pattern, the rasterized representation comprising
one or more rasterized primitives of the dose pattern, 4
cach rasterized primitive being a rasterized version of

a different primitive pattern, and wherein each data unit
comprises 1stance data specifying how the portion of
the desired dose pattern 1s formed from one or more
instances of each of the rasterized primitives stored 1n 45
the data unit;

in a buller memory, receiving the plurality of data units

determined using the processor system;

outputting the data units from the bufler memory as

needed to provide a control signal to the programmable 50
patterning device during pattern formation of a particu-
lar substrate by the exposure apparatus;

controlling transfer of the data units to and/or from the

bufler memory; and

processing the rasterized representations of the data units 55

based on instance data of the data units to generate the
control signal from the data unaits.

10. The method according to claim 9, wherein the control
of transfer of the data umits comprises using information
specilying one or more positions at which each of the 60
portions ol the desired dose pattern should be formed on a
target.

11. The method according to claim 9, further comprising
applying a geometric transformation to each of one or more
of the data units to account for a geometrical state of the 65
substrate 1n the region where the portion of the desired dose
pattern represented by the data unit 1s to be formed.

10

15

30

35

28

12. The method according to claim 9, further comprising;:

ensuring that the buller memory stores data units for only
those portions of the desired dose pattern that will be
formed within a certain period of time; and

setting the period of time as a function of a scanming speed

of the substrate relative to the programmable patterning
device, a degree of magnification of the desired dose
pattern on a target, or both the speed of scanning and
the degree of magnification.

13. The method according to claim 9, wherein each
portion of the desired dose pattern 1s substantially the same
s1ze and/or shape.

14. The method according to claim 9, wherein the con-
trolling transfer of the data units comprises controlling a rate
at which the data units are transferred to the bufler memory
as a function of a scanning speed of the substrate relative to
the programmable patterning device, a degree of magnifi-
cation of the desired dose pattern on a target, or both the
speed of scanning and the degree of magnification.

15. A non-transitory computer-readable medium compris-
ing nstructions configured to, when executed, cause at least:

using a processor system umit, conversion ol a vector-

based representation of at least part of a desired expo-
sure pattern to a plurality of data units, wherein each
data unit represents a pattern to be formed 1n a different
portion of a desired dose pattern corresponding to the
desired exposure pattern, wherein each data unit com-
prises a rasterized representation of the portion of the
desired dose pattern, the rasterized representation com-
prising one or more rasterized primitives of the dose
pattern, each rasterized primitive being a rasterized
version ol a different primitive pattern, and wherein
cach data unit comprises mstance data specitying how
the portion of the desired dose pattern 1s formed from
one or more instances of each of the rasterized primi-
tives stored 1n the data unit;

in a builer memory, receipt of the plurality of data units

determined using the processor system;

output of the data units from the buller memory as needed

to provide a control signal to a programmable pattern-
ing device during pattern formation of a particular
substrate by an exposure apparatus;

control of the transfer of the data units to and/or from the

bufler memory; and

processing of the rasterized representations of the data

units based on instance data of the data units to generate
the control signal from the data unaits.

16. The non-transitory computer-readable medium
according to claim 15, wherein the control of transfer of the
data units comprises control of a rate at which the data units
are transierred to the bufler memory as a function of a
scanning speed of the substrate relative to the programmable
patterning device, a degree of magnification of the desired
dose pattern on a target, or both the speed of scanning and
the degree of magnification.

17. The non-transitory computer-readable medium
according to claim 135, wherein the control of transfer of the
data units comprises using information specilying one or
more positions at which each of the portions of the desired
dose pattern should be formed on a target.

18. The non-transitory computer-readable medium
according to claim 15, wherein each portion of the desired
dose pattern 1s substantially the same size and/or shape.

19. The non-transitory computer-readable medium
according to claim 15, wherein the instructions are further
configured to, when executed, cause application of a geo-
metric transformation to each of one or more of the data
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units to account for a geometrical state of the substrate in the
region where the portion of the desired dose pattern repre-
sented by the data unit 1s to be formed.

20. The non-transitory computer-readable medium
according to claim 19, wherein the geometric transformation 5
comprises one or more selected from the following: a
translational shift, a rotational shift, a skew adjustment,
and/or a magnification.
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